[1] Using 50 high-quality events from the Canadian Auroral Network for the OPEN Program Unified Study (CANOPUS) Gillam Meridian Scanning Photometer over 10 a (1989)(1990)(1991)(1992)(1993)(1994)(1995)(1996)(1997)(1998), we show that proton aurora in the substorm growth phase exhibits a systematic tendency to fade. The average pattern of fading consists of a period of relatively stable proton aurora brightness and then a period of 15-20 min before onset during which the brightness decreases by an average of 15%. We interpret the observed proton aurora brightness variation in terms of the magnetic field stretching in the nearEarth magnetosphere; in particular, the fading is interpreted as a result of the central plasma sheet magnetic field lines having stretched to such a degree that the loss cone closing effect dominates precipitation due to nonadiabatic proton motions.
Introduction
[2] The equatorward motion of both proton and electron aurora during the growth phase is well documented [e.g., Friedrich et al., 2001; Voronkov et al., 2003, and references therein] . This motion reflects the motion of the plasma in the nightside magnetosphere and the storage of energy that is subsequently released during the expansive phase. Proper interpretation of auroral features during the growth phase gives important clues on the central plasma sheet (CPS) ion and electron populations, as well as the magnetotail topology.
[3] In addition to spatial motion, auroral intensity also undergoes changes during the growth phase. One such effect is the fading of electron auroras and cosmic radio absorption immediately prior to substorm onset that has been a topic of some uncertainty and dispute. Pellinen and Heikkila [1978] carried out an early study of electron auroral fading and concluded that the phenomenon was associated mostly with the onset region and fairly common. Kauristie et al. [1997] studied 10 carefully selected fading events from the Magnetometers-Ionospheric Radars-Allsky Cameras Large Experiment (MIRACLE) observations and found that they occurred predominantly in disturbed periods of the magnetosphere and on average lasted 2 min. They further noted that the probability of seeing electron auroral fading increased when the all-sky imagers were operated at a higher time resolution of 10 s. Mende et al. [2003] surveyed 91 substorms with Imager for Magnetopause-to-Aurora Global Exploration (IMAGE) FUV data and concluded that fading was not statistically significant in either the proton or electron aurora. However, in the event studied by Mende et al. [2002] , the SI12 observation sensitive to the proton aurora showed a significant dropout about 20 min prior to onset. Using Polar Ultraviolet Imager (UVI) data, Newell et al. [2001] found that a 10% decrease in the power of electron auroral emission was common just before onsets. It is noted that IMAGE FUV has a time resolution of 2 min, while the Polar UVI has a time resolution of 30 s. If one considers the 10-s threshold effect discussed by Kauristie et al. [1997] , the discrepancy in electron aurora fading may be a matter of different sampling times.
[4] While the late growth phase electron aurora and CMA fading has been a topic of study and debate for decades, with the exception of Mende et al. [2003] , there has been little if any discussion of the contemporaneous variation in brightness of the proton aurora. During the growth phase the proton aurora can be expected from pitch angle scattering due to nonadiabatic effects in the vicinity of a thin current sheet, and its variation a potential diagnostic of this important configuration usually presaging the substorm onset. Thus an investigation of proton auroral brightness can shed light on proton dynamics in the magnetosphere; in both the near-Earth neutral line (NENL) and current disruption (CD) theories of substorm onset, a partial demagnetization of protons in the current sheet is often deemed important.
[5] At first glance, any talk of auroral fading might seem counterintuitive. After all, the growth phase is a period when large quantities of energy accumulate in the magnetosphere. Granting this is true, how could this overall increase in energy lead to a decrease in the energy flux of precipitating particles (be they protons or electrons)? By first establishing that proton aurora fading is statistically significant and then developing physical explanations for the observation, we will propose that this surprising result is a distinct feature of magnetic field stretching (i.e., a decreasing equatorial B z ) in the central plasma sheet prior to onset.
[6] In this paper we present data from 50 substorms or pseudobreakups observed in proton auroral Hydrogen Balmer (Hb) (486.1 nm) emission by the Canadian Auroral Network for the OPEN Program Unified Study (CANO-PUS) Meridian Scanning Photometer located at Gillam, Manitoba. The analysis of the data will show that the proton auroral intensity systematically decreases during the growth phase. We argue that both this intensity pattern and the wellknown equatorward motion of the proton aurora are indicators of important magnetospheric processes. The equatorward motion is, as has been previously reported, a direct consequence of a decreasing B z in the growth phase. The fading will be shown to occur when the B z decrease has reached the later stage where energetic protons precipitation due to nonadiabatic motion is no longer sufficient to compensate for the effect of a narrowing loss cone.
[7] In section 2, we present an overview of 50 breakup or pseudobreakup events from the CANOPUS Gillam MSP to show that growth phase proton aurora fading is a commonplace feature. In section 3, we discuss proton aurora fading in the context of proton dynamics in a stretched central plasma sheet. In section 4, we discuss a few issues that are not resolved conclusively in this paper and require further study. Section 5 summarizes the major findings of this work.
Observations
[8] We have reviewed an extensive set of observations made by the CANOPUS (now Canadian Geospace Monitoring, i.e., CGSM) meridian-scanning photometer (MSP) at Gillam, Canada (located at 56.37°geodetic latitude, 264.12°g eodetic longitude, and roughly 67°geomagnetic latitude). The CANOPUS MSP uses eight-channel scanning filter to measure meridional distributions of 558, 630, 471, and 486 nm emissions. The instrument sweeps through the meridianal sky at two scans per minute, and each scan is divided into 17 bins. In this paper, we use the 486-nm Hb line sensitive to precipitating protons in the tens of keV energy range [e.g., Vallance Jones, 1974] .
[9] We have surveyed the data collected over the period 1989 -1998 by the CANOPUS MSP in Gillam at the Hb wavelength and chosen 50 ''high-quality'' events for our preliminary analysis. Events were selected based on an optical onset in the 486 nm and 578 nm emissions, with the additional criteria that the growth phase proton aurora was relatively unstructured during the 45 min prior to onset, the onset itself was clearly identifiable in the proton auroral data, and the viewing conditions were clear. We have not placed restrictions in terms of proximity to the onset meridian, nor have we restricted ourselves in terms of the magnitude of the magnetic disturbance. These details, as well as comparison with in situ data, will be addressed in the future.
[10] Figure 1 is a montage of keograms of the proton auroral observations from Gillam for the 50 events. Each keogram is plotted with the same color scale (indicated by the color bar at lower right). In each case, we show 75 min of data, with the onset time (determined by the brightening of the proton aurora) being 45 min into the time window. With few exceptions, the montage shows that preonset proton auroral fading is a prevalent feature. Also clear in Figure 1 is the variety of growth phase proton aurora fading; in most cases, the fading is gradual and moderate, but in a few, it can be abrupt and deep. We see that the equatorward motion is universal and the proton auroral intensity never exhibits significant enhancement prior to onset.
[11] The event circled by the dashed line in Figure 1 is singled out for a more detailed look. Figure 2 shows the MSP and relevant ground magnetometer data for this event, occurring around 0600 UT (roughly 30 min prior to local magnetic midnight) on 17 March 1993. The optical brightening in this case corresponds to a small substorm that could reasonably be called a ''pseudobreakup'' in the sense of Koskinen et al. [1993] and Voronkov et al. [2003] . In fact, it is one of the weakest events in Figure 1 . We chose it because its evolution is close to the average picture to be elaborated later, and the isolated breakup might help eliminate some uncertainties associated with global multiscale coupling typical in larger substorms. From the east -west magnetometer chain we can see that the onset was close to the meridian of the Gillam MSP, and from the north -south chain that the onset was south of Gillam (this is also evident in the latitude of the brightening of the aurora in the keograms). Another interesting feature of this event is that the electron aurora at 578-nm before onset is comparatively weak and also appears to fade, although, unlike the proton aurora, the 578-nm emission has some quasi-periodic features in the Pc-5 frequency range. We note, however, that among the 50 events shown in Figure 1 , there is no oneto-one correlation between proton and electron aurora fading.
[12] We carried out a superposed epoch analysis of the proton auroral brightness for the 50 events as a function of time relative to the proton auroral onset (determined manually in each case by the start of obvious brightening of the proton aurora). Onset so defined can be robustly determined to within 2 min. Figure 3 shows the results of our superposed epoch analysis. The two panels consist of twodimensional histograms (gray level with darker values indicating higher relative occurrence) and latitude averaged values (red diamonds) of the two quantities. In the top panel we show the results for the peak proton auroral intensity as a function of time. The peak intensity is the maximum value of the raw scan, and no fitting was involved. From this graph, it is clear that on average the peak brightness decreases systematically during the growth phase and increases suddenly at onset (the symbols show values for each minute and so the sharpness of the increase at ''onset'' substantiates our claim of being able to determine onset to within 2 min). In fact the growth phase evolution can be roughly divided into the early-to-middle growth phase (the first 30 min or so) when the proton auroral intensity is on average constant, and the later growth (15 -20 min), when the proton aurora fades noticeably. Furthermore, we carried out the same analysis with the peak minus the minimum (accounting for possible background contamination issues) and the integrated brightness (obtained by summing over latitude); in both cases the results are essentially identical in terms of the overall temporal evolution.
[13] The bottom panel of Figure 3 shows the superposed epoch analysis of the equatorward boundary of the proton auroral band, determined according to the ''optical b2i'' algorithm of Donovan et al. [2003] . From this analysis we see that the optical b2i moves to lower latitude systematically during the growth phase and then retreats to higher latitude rapidly at onset, although the poleward movement in b2i is not as dramatic as brightness in Figure 3 . The optical b2i is the ionospheric projection of the earthward limit of strong pitch angle scattering in the CPS, and ostensibly corresponds to the ion isotropy boundary (IB) [see, e.g., Donovan et al., 2003; Mende et al., 2003] . The optical b2i and the IB are known to correlate with magnetotail stretching, and this overall trend in optical b2i is consistent with our understanding of the evolution of magnetotail topology during the substorm, namely stretching in the growth phase and dipolarization in the expansive phase [see, e.g., Sergeev and Gvozdevsky, 1995; . This trend in optical b2i in the superposed epoch analysis shows that the overall data set of 50 events we used is characterized by magnetotail dynamics we ascribe to the substorm cycle. Note that the temporal b2i trend is approximately linear, distinct from the ''waterfall'' shape of the brightness profile.
[14] The growth phase fading is relatively small, corresponding on average to a $15% decrease in brightness over the $20 min prior to onset; this is likely a lower limit to the actual extent of the weakening of proton precipitation, as proton aurora is diffusive due to charge exchange in the atmosphere [Vallance Jones, 1974] . Davidson [1965] showed that protons originating from a point source in the current sheet would spread over a few degrees in the ionosphere; the inverse application of this result would indicate that a fixed latitude in the ionosphere could receive protons from a widely distributed regions in the magnetosphere, hence suffering potential smearing of precipitating sources. [15] In Figure 4 we show histograms of the changes in brightness in the first 20 min (top), the last 40 min (middle), and last 20 min (bottom) of the growth phase (note by ''first 20 min'' we actually mean from 40 to 20 min prior to onset). The bottom histogram shows that, in four of the events, there was roughly no change and, in one, a significant increase in brightness in the last 20 min of growth phase. In 45 of the 50 events there was a significant decrease in brightness in the last 20 min of growth phase. On the basis of the quality of the events chosen, the clear trend in the superposed epoch analysis, and the fact that 45 of the 50 events showed a definite decrease in brightness in the growth phase, we conclude that fading typifies the growth phase evolution of proton auroral brightness. Further, the fading occurs on a timescale of $20 min rather than several minutes or less as is the case for electron auroral fading.
[16] Our superposed epoch analysis can be compared to the results of Mende et al. [2003] . Their superposed epoch analysis of brightness (their Figure 7) showed the same increase in brightness after onset (with roughly the same relative increase and increased timescale) but did not show any measurable decrease in brightness during the growth phase. Their analysis of the evolution of the equatorward boundary (their Figure 9 curve for the onset meridian) showed essentially the identical trend seen in our results for the optical b2i. We cannot account with certainty for the discrepancy between our results for the evolution of brightness and those of Mende et al. [2003] , although we believe that it is likely a consequence of lower signal to noise in the IMAGE SI-12 data than in the CANOPUS MSP 486.1 nm data. We note that these are notoriously dim auroral emissions and we can reasonably expect that the ground-based photometer can do a better job at determining absolute brightness than the space-based spectrometer. Further, the two instruments are looking at two different proton auroral wavelengths (Hb in the case of MSP and Lyman Alpha in the case of SI-12), and the SI-12 observation is sensitive only to the part of the Lyman Alpha band Doppler shifted away from the geocorona [see Mende et al., 2000] . While the ratio of Lyman-Alpha to Balmer-Beta intensity is expected to be roughly constant, there may be some dependence on energy. Further, if the characteristic energy changes systematically in the growth phase it could be that fractionally more of the band is imaged by SI-12 as a consequence, compensating partially for an overall decrease in brightness. Regardless, the CANOPUS MSP shows a systematic decrease in brightness in the growth phase in contradiction to the earlier results of Mende et al. [2003] .
[17] A potential uncertainty may be raised with the conclusion that the growth phase proton aurora fades. Since the proton aurora moves spatially in the growth phase, this could introduce artificial brightness variations in an integrating instrument such as the MSP. For example, suppose the aurora starts from a latitude poleward of the MSP and moves overhead. One can theoretically argue that as the aurora moves over the zenith, the MSP would see a fading because its beams would traverse a thinner layer of luminosity. We argue that this interpretation is inconsistent with the data presented in this section. First, as commented earlier, our analysis of the latitudinally integrated brightness yielded the identical fading trend. Since latitudinal integration should remove the uncertainty associated with the viewing geometry, we believe that fading is a temporal, rather than spatial effect. Second, if the fading were mainly a spatial effect, as the aurora moves southward of the MSP, its brightness should recover, by virtue of the same argument. Such a U-shaped basin profile is not observed in the 50 events presented in Figure 1 or in other events we have examined.
Theoretical Interpretation of Proton Aurora Fading
[18] Proton aurora brightness is an indicator of energy distributions in the central plasma sheet, and changes in the brightness can be exploited as a diagnostic of CPS dynamics. The equatorward motion of proton aurora during the growth phase has been a well-known feature, but what this movement corresponds to in the magnetosphere is not clear. Since the growth phase is often associated with an intensified magnetospheric convection, a simple interpretation could be that the equatorward excursion is a manifestation of earthward displacement of the proton plasma sheet. In this scenario (called the displacement scenario, shown in Figure 5a ), the protons are moved collectively to a more earthward location where the flux tube volume V is smaller. Assuming isotropic compression and negligible mass loss, the proton temperature increases as V
À2/3
, and the proton density increases as V À1 . The proton precipitation flux to the ionosphere scales as n p T p 1/2 , where n p is the proton density, and T p the proton temperature. According to this interpretation, an increase in proton precipitation flux proportional to V À4/3 should accompany the equatorward movement. Depending on the magnetic field geometry, an equatorward motion of a couple of MLAT degrees could correspond to an increase in the V À4/3 factor by up to an order of magnitude. Since our observations reported in section 2 do not show a systematic increase in proton aurora intensity, certainly not to the extent predicted, we conclude that the scenario depicted in Figure 5a is not the underlying cause of the equatorward motion of proton aurora.
[19] Wanliss et al. [2000] suggested that the equatorward motion of proton aurora can be explained in terms of the stretching of the magnetotail, by virtue of the decrease in equatorial B z (called the field-line stretching scenario, shown in Figure 5b ). Large depression of B z is a routine feature at the geostationary distance and beyond during the growth phase. Using an empirical magnetic field model, Wanliss et al. [2000] showed that the decrease of B z can cause the ionospheric footprints of the field lines demarcating nonadiabatic proton regions to shift equatorward. This behavior can be understood qualitatively by a simple flux conservation argument: As the equatorial B z decreases during the growth phase up to an equatorial distance L d , magnetic flux is evacuated from within L d . By virtue magnetic flux conservation, the ionospheric footprints of field lines earthward of L d must shift equatorward. The proposal of Wanliss et al. [2000] is qualitatively different from the scenario involving adiabatic motion of protons discussed earlier. Effectively, it is the tailward displacement of magnetic field lines, rather than the physical displacement of protons, that causes the equatorward motion of proton aurora. Wanliss et al. [2000] , however, did not discuss why their proposal should be preferred over the displacement scenario, nor did they comment on how proton aurora brightness would change in the process. We demonstrate that the observed change of proton aurora brightness supports the field-line stretching scenario.
[20] When the magnetospheric configuration becomes sufficiently stretched, protons will suffer nonadiabatic pitch angle scattering in the equatorial region. The theory of nonadiabatic proton motion has been elaborated by many authors [Speiser, 1965; Sonnerup, 1971; Gray and Lee, 1982; Buchner and Zelenyi, 1989; Chen, 1992; Burkhart et al., 1991; Delcourt et al., 1996] . The general expectation is that nonadiabatic dynamics will enhance the precipitation of energetic protons into the ionosphere. Most of the above studies, however, were carried out in a magnetic current sheet configuration, in the absence of the main dipole field. Without tracing the particles all the way to Earth, one cannot estimate quantitatively the degree of the precipitation enhancement. Liu et al. [1998] carried out a two-dimensional (2-D) simulation in a combined dipole and current sheet magnetic configuration, and showed that for k parameter (see Buchner and Zelenyi [1989] for definition) less than 3, the precipitation flux due to nonadiabatic pitch angle scattering can exceed the strong pitch angle diffusion limit associated with electromagnetic turbulence.
[21] Balanced against the expected increase in precipitation due to the nonadiabatic dynamics is the change of the loss cone angle, which decreases with the equatorial magnetic field as ffiffiffiffi ffi B z p . As the loss cone angle narrows, fewer particles are available for immediate precipitation, all else being equal. The competition between stretching and nonadiabatic scattering makes, in principle, the question of proton precipitation flux indeterminate; that is, the flux can either increase or decrease, but probably not in a major way, given the offsetting trends. Particle simulation is ultimately required to answer this question.
[22] Delcourt et al. [1996] carried out a theoretical study of nonadiabatic pitch angle scattering in the chaotic regime 1 < k < 3. For k close to 3, the authors found that the scattering occurs mainly for particles with small pitch angles. For k closer to 1, however, the scattering spreads to larger pitch angles (>30°). This is consistent with our expectation that nonadiabatic dynamics enhance precipitation. However, owing to the absence of a dipole field in this model, there is no definitive formula on how the k parameter controls the precipitation flux.
[23] The model of Liu et al. [1998] , by virtue of its inclusion of the main dipole field, can provide additional insight and constraint on the problem. Although their particular simulation was 2-D, these authors argued that the ratio of the precipitation flux to the strong diffusion limit calculated also in 2-D should be insensitive to the dimensionality of the model, as they both experience the same loss cone inflation effect. On the basis of this argument, Liu et al. [1998] showed that the relative precipitation flux varies approximately as f r / exp (À0.97 ffiffiffi k p ) for k < 3. The absolute flux f a is the relative measure times the solid angle of the loss cone times the strong diffusion precipitation limit, namely,
Since we are interested mainly in the interplay between loss cone angle closing (the B z term) and k, we hold C as a constant for simplicity.
[24] For a current sheet that is sufficiently thin, the k parameter can be written as follows
where R denotes the radius of field line curvature, r proton gyroradius, H 1/2 is the half thickness of the current sheet (in units of 2000 km), hv ? i is the rms perpendicular speed of protons (in units of 1000 km/s), B x is the asymptotic magnetic field outside the current sheet in the GSM x direction (in unit of nT). In arriving at (2), the large aspect ratio (B x /B z ) approximation is used to yield R min = B z H 1/2 /B x .
[25] In Figure 6 , we plot the variation of f a as a function of B z , with H 1/2 values at 2000, 6000, and 10,000 km. Indeed we find that the proton precipitation flux has a theoretically predicted profile similar to what was observed (assuming that B z decreases with time), namely an approximately constant value initially and then an accelerating decrease trend. For current sheet half thickness of $1 R E or above, the predicted proton precipitation flux holds largely steady for B z > 10 nT, and begins to drop precipitously for B z < 10 nT. Because the curve representative of the thin current sheet condition (H 1/2 = 2000 km) does not agree with the observed proton aurora variation, we conclude the dominant contribution to the proton aurora comes from the region near the IB, where the plasma sheet is presumably thick, rather than the thin current sheet region. This result echoes the suggestion by Sergeev and Gvozdevsky [1995] .
[26] Apparently, as B z tends to sufficiently small values, the loss cone closing effect dominates the nonadiabatic scattering effect. In fact, as B z continues to decrease, it can reach a generalized adiabatic regime where the quantity H _ zdz is an adiabatic quantity [e.g., Sonnerup, 1971] , where z is the GSM z coordinate and the dot denotes time derivative. The ''canonical'' form of this adiabaticity is a meandering orbit between the northern and southern halves of the current sheet, whose average direction is +y for protons. Protons executing the meandering motion cannot precipitate, for otherwise the generalized adiabatic invariant given by Sonnerup [1971] would not be conserved. Effectively, the onset of this generalized adiabaticity suppresses proton precipitation. This explains why the increase of nonadiabatic scattering efficiency is arrested at small k values in the fit formula of Liu et al. [1998] .
[27] We stress that Figure 6 serves mainly an illustrative purpose. We have not proven that the fitting formula is dimensionality-independent. Although the ratio argument by Liu et al. [1998] cancels out the effect of loss cone inflation in 2-D, the exp(À0.97 ffiffiffi k p ) term can easily be dimensionality-sensitive. Hence Figure 6 should be regarded as a demonstration that the observed proton aurora profile is consistent with our theoretical interpretation, insofar as the behavior of the system does not change qualitatively in three dimensions. Full 3-D simulations are needed to establish a more accurate profile in place of Figure 6 . Another potential effect not included in the discussion leading to Figure 6 is the spatial inhomogeneities inherent in the central plasma sheet. In general, the equatorial distance of a flux tube changes in the course of the growth phase. Specifically, as the magnetic B z decreases, the k $ 3 boundary moves earthward. In the presence of spatial inhomogeneities, the term C in (1) is not a constant but is rendered a variable by the background gradients. Our result in Figure 6 was obtained by pretending that the fading is purely a temporal effect, while in reality spatial effects such as the one just alluded to should be incorporated into a more complete explanation. Since the ion pressure generally increases earthward, the spatial effect is expected to increase ion precipitation, hence delaying, even preventing in extreme cases, the onset of proton aurora fading. This detailed study of the spatial effect is beyond the scope of this paper.
Discussion
[28] While the observational evidence presented in this paper indicated that proton aurora fading is both real and statistically significant, and the theoretical interpretation offered in section 3 was based on well-known behaviors of particles in the magnetosphere, we discuss a few points requiring further studies and more extensive data analysis.
[29] The data set used to demonstrate proton aurora fading is a long-term collection of photometric observations in one ground-based station in Canada. While this choice has some advantages in terms of consistency of location and avoidance of calibration uncertainties that could arise if multiple instruments were used, the point remains that proton aurora fading has not been conclusively observed by space-borne imaging. We discussed some technical reasons why this discrepancy might arise. The 50 events analyzed in this paper were from 1989 to 1998, hence predating the operation of IMAGE and Polar satellites. This has prevented us from directly addressing the discrepancy between our result and that of Mende et al. [2003] on the prevalence of proton aurora fading. We are in the process of analyzing CANOPUS/CGSM optical data during the epoch when IMAGE and Polar imaging data are available. As an interesting side note, C:son Brandt et al. [2002] showed that during one growth phase event on 4 October 2000, the ENA emissions between L = 7 and 14 faded substantially. They, too, attributed the dimming to magnetic field stretching. It will be interesting to see to what degree ENA emission and proton aurora fading are correlated.
[30] The average brightness decrease of proton aurora is $15% during the growth phase and might not be easily discernible in global images. We suspect that the 15% decrease does not reflect the intrinsic decrease in proton precipitation flux but is compromised by the diffuse nature of the proton aurora as Davidson [1965] pointed out. It is essential that the magnetospheric conditions underlying proton aurora fading be understood, in order to verify the theoretical interpretation advanced in this paper. Since the growth phase proton aurora never brightens substantially during the growth phase, the displacement scenario depicted in Figure 5a can be ruled out; furthermore, the field line stretching scenario should be applicable in its basic form. There are, however, some complications that were not taken into account and should be brought up for consideration. In our analysis, the expected pattern of proton aurora brightness was based on a field line whose equatorial position does not move; in other words, the B z decrease was strictly treated a temporal effect at the source. The actual MSP observation, on the other hand, was based on a field line with a fixed position in the ionosphere (the Gillam station). Under the growth phase condition, the field line with a fixed ionospheric footprint would see its equatorial crossing distance moving tailward (consistent with stretching); in this situation, the balance between a decreasing B z and enhanced nonadiabatic scattering would still occur more or less as discussed in section 3, except that the effect has a spatial, as well as temporal component. An analogy to this situation is the contrast between the convective and partial time derivatives. Another complication is that Figure 3 shows that the overall proton aurora system moves equatorward. This opens up the possibility that the observed fading could be a spatial effect, a result of the center of the auroral emission moving away from the zenith. While this possibility cannot be ruled out with the data at our disposal and requires more careful isolation of factors that control aurora brightness, we believe, however, that the scenario we presented in this paper captures at least an important aspect of the problem. We base this view on the difference between the profiles of aurora fading and equatorward motion of the optical b2i in Figure 3 . If the fading were merely a consequence of the motion, the two profiles should be similar to each other. In reality, however, the two profiles are quite different, suggesting that some factors other than the equatorward motion are at play. The similarity of proton aurora fading and the prediction from a simple theory as captured in Figure 6 gives additional credence to our arguments. Voronkov et al. [2003] noted that the 630-nm line sensitive to warm electron precipitation (100's eV) often fades in the growth phase with a similar 20-min timescale, in contrast to the 578-nm line due to higher-energy electrons (a few keV); how this observation is linked to proton aurora fading should be investigated. Using CADI and Super-DARN data, Jayachandran et al. [2003] reported that convection in the polar cap weakened significantly $15-20 min before onset; again, whether this observation is related to proton aurora fading needs further study.
[31] For future considerations, event studies featuring ground-based imaging, space-borne imaging, and in situ observations are necessary in order to say definitively whether proton aurora fades, so that the source location of the proton aurora can be identified.
[32] We noted in passing a difference between electron and proton auroral fading before onset; that is, electron aurora fading appears to take place $2 min before onset, whereas our result here showed that proton aurora fading is manifest up to 20 min before onset. This difference is currently unexplained.
[33] Looking back at the montage in Figure 1 , we note that events with a strong breakup (e.g., events in (Row 3, Column 1), (Row 7, Column 2), and (Row 7, and Column 6)) have a more abrupt and pronounced fading a few minutes before onset, similar to electron aurora fading. Given the significant scale difference, it is possible that this type of fading might have a different physical explanation from the one offered for the average picture represented in Figure 3 .
Conclusions
[34] In this paper our principal concern was the proton aurora under the growth phase condition. The principal questions are, What is the magnetospheric cause of equatorward proton aurora drift in the growth phase? Does the proton aurora fade prior to the onset of substorm expansion? If, so, what is the physical explanation?
[35] We presented 50 substorm and pseudobreakup events from the CANOPUS MSP located in Gillam to show that the proton aurora exhibits a consistent tendency to fade during the last 20 min or so before optical onsets, while maintaining a largely stable brightness profile in the early stage of growth phase. The degree of apparent fading is modest ($15%), but the value of actual fading is subject to some indeterminacy, due to the diffuse nature of proton aurora.
[36] We interpreted the observed variation of proton aurora brightness in terms of magnetic field stretching in the CPS. In the early to middle growth phase, the relatively stable proton aurora brightness is attributed to the balancing act between loss cone closing and enhanced nonadiabatic scattering as the equatorial B z decreases. In the late growth phase (15 -20 min before onset), as more energetic protons execute the meandering motion and are prevented from precipitating, the system enters into a situation where the loss cone closing effect dominates over nonadiabatic scattering, with fading proton aurora as a consequence.
[37] The observed change of proton aurora brightness during the growth phase supports the notion that the equatorward motion of proton aurora stems from the field line stretching (depicted in Figure 5b) , not earthward motion of protons, based on the preliminary theoretical result in Figure 6 .
[38] We noted but did not pursue in depth that strong breakup events tend to feature proton aurora fading that are briefer in duration and larger in brightness dropout. This pattern is consistent with electron aurora fading previously reported.
[39] Whether auroras fade during the substorm growth is a controversial question from an observational point of view. We discussed the apparent discrepancy of our results with some which showed an absence of systematic auroral fading and identified this as an area requiring further study. Also due to the restricted data set used in this study (one ground-based station), we are not in a position to say definitively how universal proton auroral fading is, or what its spatial distribution might be.
